INTRODUCTION
============

Cheese is popular in many countries ([@b15-ajas-29-3-307]) because of the associated health benefits and flavour. The health benefits of cheese include natural probiotic and anti-tumour properties ([@b30-ajas-29-3-307]). Additionally, cheese is a rich source of dietary calcium ([@b34-ajas-29-3-307]), phosphorus, and proteins ([@b68-ajas-29-3-307]), and has been shown to reduce the incidence of type II diabetes ([@b52-ajas-29-3-307]).

Although cheese is generally considered a safe food because of the physicochemical and antagonistic properties of lactic acid bacteria, 0.4% of all foodborne outbreaks were related to contaminated cheese in 2006 in the European Union ([@b40-ajas-29-3-307]). Many of these foodborne outbreaks were a result of contamination with *Staphylococcus aureus*, and this was not surprising as *S. aureus* often causes mastitis in cows, leading to milk contamination ([@b58-ajas-29-3-307]). Additionally, in the USA, *S*. *aureus* and *Listeria monocytogenes* were isolated from unpasteurized soft cheese on sale in California, which was smuggled into the USA from Mexico in 2010 ([@b49-ajas-29-3-307]). This implication may have resulted from the properties of soft cheese like the high water activity and low acidity as well as improper sanitation that is common route for pathogenic bacteria to contaminate the cheese during cheese-making process ([@b31-ajas-29-3-307]). Further, *L. monocytogenes* was often found in soft cheese, which has high moisture content: 67% of moisture on a fat-free basis or ≥50% of moisture content ([@b18-ajas-29-3-307]; [@b23-ajas-29-3-307]). This data suggest that cheese may pose a significant risk to consumers ([@b36-ajas-29-3-307]). Given this picture, strict guidelines have been established to control foodborne pathogens in cheese, especially for *L. monocytogenes* ([@b22-ajas-29-3-307]; [@b21-ajas-29-3-307]). For instance, for cheese with an average pH greater than 5 and an average Aw above 0.94 along with a shelf life of more than 5 days, European Union law requires 0 colony-forming unit (CFU) of *L*. *monocytogenes* in five 25 g cheese samples at the time of production, and less than 100 CFU/g in five samples at the point of sale ([@b20-ajas-29-3-307]).

Predictive models have been used to estimate kinetic parameters in microbial risk assessments and to predict the effect of various factors on the behaviour of foodborne pathogens in cheese, which results are used in microbial risk assessments. Australia and New Zealand conducted microbial risk assessment for *Campylobacter jejuni*, enterohemorrhagic *Escherichia coli*, *Salmonella*, *S. aureus*, and *L. monocytogenes* in raw milk cheese ([@b26-ajas-29-3-307]). Additionally, the joint Food and Drug Administration (FDA)/Health Canada commission quantitatively analysed the risk of *L. monocytogenes* in soft-ripened cheese, and this cheese was categorized as 'low risk' in the *L. monocytogenes* risk assessment in ready-to-eat foods ([@b25-ajas-29-3-307]; [@b23-ajas-29-3-307]). Further, [@b42-ajas-29-3-307] conducted a microbial risk assessment for *L. monocytogenes* in low moisture cheese in New Zealand. As presented above, many risk assessments have been conducted for cheese due to their varied properties such as pH, Aw, lactic acid bacteria, and foodborne pathogen content. Given this information, the objective of this communication was to review published literatures on aspects of microbial risk assessment in cheese.

FOODBORNE ILLNESS LINKED TO CHEESE CONSUMPTION
==============================================

Foodborne illnesses related to cheese consumption have occurred in many countries. *S. aureus* infections have been linked to the use of unpasteurized milk or to contamination due to improper handling because the pathogen at more than 5 Log CFU/mL produces heat-resistant enterotoxin ([@b62-ajas-29-3-307]; [@b19-ajas-29-3-307]; [@b6-ajas-29-3-307]). Intake of 20 to 1,000 ng of the enterotoxin can cause typical symptoms of *S*. *aureus* infection ([@b53-ajas-29-3-307]; [@b56-ajas-29-3-307]). In England, consumption of *S. aureus* enterotoxin contaminated Stilton cheese (internally mold-ripened semisoft blue cheese produced by using *Penicillium roqueforti*) caused 155 illnesses ([@b47-ajas-29-3-307]; [@b37-ajas-29-3-307]). In the USA, cheese has also been a food vector for *S. aureus* foodborne outbreaks ([@b11-ajas-29-3-307]). In 1981, improper cheese pasteurization led to 16 cases of *S. aureus* foodborne illness in USA ([@b1-ajas-29-3-307]; [@b44-ajas-29-3-307]). In 1999, Minas cheese (soft cheese) made from raw bovine milk caused two outbreaks in Brazil affecting 378 individuals ([@b67-ajas-29-3-307]). Recently, six *S. aureus* outbreaks occurred in France due to consumption of enterotoxin type E in soft cheese that was processed during weeks 40 and 41 ([@b55-ajas-29-3-307]).

Cheese-related *L. monocytogenes* outbreaks have had a relatively high fatality rate (15% to 30%) ([@b48-ajas-29-3-307]; [@b24-ajas-29-3-307]), leading to increased public awareness of this infection. Clinically*, L. monocytogenes* causes sepsis and meningitis in immunocompromised individuals (e.g., transplant patients, elderly patients receiving chemotherapy, individuals with diabetes or liver disease), and around 25% of the invasive listeriosis cases occur in pregnant women ([@b72-ajas-29-3-307]). Of 13 *L. monocytogenes* serotypes, three (1/2a, 1/2b, and 4b) account for more than 95% of human illnesses due to *L. monocytogenes (*[@b38-ajas-29-3-307]). In 2005, 10 cases of *L. monocytogenes-*induced listeriosis occurred in a small northwestern Swiss town with three fatalities due to bacteraemia. Eight of these cases were in older immuno compromised patients, while two cases occurred in pregnant women leading to abortion. This outbreak occurred after these patients had Tomme (soft cheese) contaminated with *L. monocytogenes* serotype 1/2a ([@b2-ajas-29-3-307]). [@b28-ajas-29-3-307] reported that Quargel (acid curd cheese) contaminated with *L. monocytogenes* serotype 1/2a caused four deaths out of 14 cases in Austria and Germany in 2009. In the USA, a multistate outbreak of listeriosis among pregnant women occurred between October 2008 and March 2009. These outbreaks were caused by the intake of Mexican-style cheese made from pasteurized milk ([@b35-ajas-29-3-307]). In addition, there was another Mexican-style cheese-related outbreak of listeriosis in North Carolina in the USA between October 2000 and January 2001 ([@b4-ajas-29-3-307]). Recently, the [@b12-ajas-29-3-307] announced a multistate listeriosis outbreak due to cheese products in California and Maryland. This outbreak affected eight individuals, seven of whom were hospitalized and one died. Even Japan, which has a relatively low cheese consumption compared to the western countries, also had *L. monocytogenes* serotype 1/2b outbreaks due to cheese consumption resulting in 86 cases of *L. monocytogenes* infection ([@b48-ajas-29-3-307]).

*Salmonella* is a well-recognized foodborne pathogen. All *Salmonella* strains are gastroenteritis-inducing pathogens ([@b62-ajas-29-3-307]), and various *Salmonella* serotypes have been involved in cheese-borne outbreaks. Consumption of Mexican-style cheese in Kane county, Illinois, USA led to an outbreak of *Salmonella* Newport infections during the March 2006 through April 2007 time period, affecting 85 individuals. In the county, *S*. Newport was a rare, multidrug-resistant serotype ([@b5-ajas-29-3-307]). In 2013, Raw Cashew cheese was linked to a multistate outbreak of *Salmonella* Stanley in California (15 cases), Nevada (one case), and Wyoming (one case) in the US. This outbreak led to three hospitalizations ([@b13-ajas-29-3-307]), but no fatalities. Although *Salmonella* Muenster is rare in Europe, the first published outbreak of *S.* Muenster was reported in Europe in 2008. In France, a nationwide outbreak of gastrointestinal illness due to *S*. Muenster occurred during March to April 2008 after goat cheese consumption in 25 people. Four patients were hospitalized, but no fatalities occurred ([@b71-ajas-29-3-307]).

In cheese, shiga toxin-producing *E. coli* (STEC) strains such as *E. coli* O157:H7 are important foodborne pathogens ([@b32-ajas-29-3-307]). In 2003, *E. coli* O157:H7 was linked to an unpasteurized Gouda cheese-related outbreak involving 13 cases in Canada. This outbreak resulted in two cases of lethal haemolytic uremic syndrome ([@b33-ajas-29-3-307]). Recently, there was a multistate outbreak of *E. coli* O157:H7 infections associated with Gouda cheese intake in the US. This outbreak affected 38 people in five states (Arizona, California, New Mexico, and Nevada); 15 reported hospitalizations, one showed haemolytic uremic syndrome, but no deaths occurred ([@b7-ajas-29-3-307]). Although Gouda cheese is a hard cheese (low Aw of 0.950 to 0.970 \[[@b5-ajas-29-3-307]; [@b10-ajas-29-3-307]\]), similar to Cheddar, Colby, Edam, and Swiss cheeses, *E. coli* O157:H7 outbreaks have occurred.

Taken together, cheese related foodborne illnesses have been generally linked to soft cheese or cheese made from raw or unpasteurized milk, but rarely in hard cheese. Hence, manufacturing process and distribution and storage process should be controlled appropriately to prevent foodborne illness by these cheeses. In addition, microbial risk assessment including predictive model for exposure assessment also should be importantly counted for microbiological safety assurance.

PREDICTIVE MODELS FOR CHEESE AS A PART OF MICROBIAL RISK ASSESSMENT
===================================================================

Various intrinsic and extrinsic factors in food affect the fate of foodborne pathogens. Most foodborne bacteria such as *L. monocytogenes*, *S. aureus*, *Salmonella*, STEC, and *Yersinia enterocolitica* may not grow in hard cheese (≤39% of moisture content) and semi-soft cheese (\>39% - \<50% of moisture content) such as Colby and Blue cheeses ([@b59-ajas-29-3-307]; [@b54-ajas-29-3-307]; [@b63-ajas-29-3-307]; [@b73-ajas-29-3-307]; [@b29-ajas-29-3-307]; [@b39-ajas-29-3-307]). Many cheese-borne outbreaks have been linked to soft cheese (≥50% of moisture content), with most of these outbreaks caused by postpasteurization contamination. *L. monocytogenes* contamination of cheese also might be a result of raw milk contamination ([@b50-ajas-29-3-307]; [@b60-ajas-29-3-307]). To predict the effects of these factors in food-related conditions, quantitative predictive models for microbial risk assessment have been developed for various ready-to-eat foods including cheese. To evaluate the effect of physicochemical properties in soft blue-white cheese made from pasteurized milk, [@b60-ajas-29-3-307] developed a tertiary model of *L. monocytogenes* growth to handle dynamic growth conditions. These dynamic growth conditions used time series temperature, pH, NaCl, and lactic acid data sampled from soft blue-white cheese longitudinally from pasteurization to consumption. By model simulation, [@b60-ajas-29-3-307] concluded that soft blue-white cheese (pH: \~4.9; salt concentration: \~1.8 g/100 g; lactic acid concentration: \~0.354 g/100 g) supports *L. monocytogenes* growth. [@b66-ajas-29-3-307] also developed predictive models to describe the effects of pH and Aw on *L. monocytogenes* growth rates on surface-ripened cheese in a case of cross contamination. *L. monocytogenes* was thus inoculated into smear-ripened and mold-ripened cheese to simulate cross-contamination, and the responses of the pathogens to environmental factors such as pH and Aw of the cheese were evaluated by the predictive models. [@b66-ajas-29-3-307] found that Aw in surface-ripened cheese was not related to *L. monocytogenes* growth. A study by [@b64-ajas-29-3-307] showed a 10-fold increase in *L. monocytogenes* cell counts in Camembert cheese 24 hours after its manufacture. Cell counts were then shown to decrease during the first 18 days of ripening, with growth after day 18 due to a rise in pH. Additionally, [@b45-ajas-29-3-307] showed that *S. aureus* growth in Camembert cheese was temperature-dependent because *S. aureus* did not grow in Camembert cheese at 4°C. *Y. enterocolitica* could be isolated from cheese at low temperature because the pathogen is psychrotrophic ([@b51-ajas-29-3-307]). [@b41-ajas-29-3-307] also showed *Y. enterocolitica* growth in Camembert-type cheese at psychrotrophic temperatures of 3°C to 15°C. Thus, the effects of Aw and pH on microbial growth in soft cheese are dependent on microorganism and storage temperature. [@b3-ajas-29-3-307] developed predictive nonlinear models to describe the inactivation of *Y. enterocolitica* in Turkish Feta cheese during storage. The predictions of these models were compared statistically by the F-test. In this study, [@b3-ajas-29-3-307] found that addition of starter culture (*Streptococcus cremoris*) had a significant (p\<0.05) inhibitory effect on *Y. enterocolitica*, but salt had no significant (p\>0.10) effect on both growth rate and lag phase duration of *Y. enterocolitica*. In addition to the factors listed above, the physiological status of foodborne pathogens may influence lag phase duration and the growth rate of bacteria ([@b27-ajas-29-3-307]).

As described above, most predictive models for cheese were developed to predict *L. monocytogenes* growth because the pathogen was considered high-risk pathogen when it contaminates in cheese. Thus, many countries applied 'zero-tolerance' policy for *L. monocytogenes* in cheese but non-STEC and *S. aureus* had quantitative microbial criteria rather than 'zero tolerance' policy. According to this fact, we suggest that predictive models for non-STEC and *S. aureus* should be developed to improve the accuracy of microbial risk assessment for the pathogens in cheese.

MICROBIAL RISK ASSESSMENT IN CHEESE
===================================

A microbial risk assessment is considered a scientific and methodical tool for preventing, regulating, and understanding the risk caused by hazardous microorganisms ([@b70-ajas-29-3-307]). The microbial risk assessment consists of four components: hazard identification, exposure assessment, hazard characterization, and risk characterization ([@b17-ajas-29-3-307]). This methodology has been used in many countries to prevent the occurrence of foodborne illnesses, to reduce the risk of foodborne illness outbreaks, and to establish microbial criteria. As discussed in previous sections, a number of cheese-related foodborne illness outbreaks have occurred. Additionally, cheese consumption has increased despite these foodborne illness outbreaks, which raised the necessity of microbial risk assessments on cheese ([@b14-ajas-29-3-307]; [@b69-ajas-29-3-307]).

In New Zealand, the risk profiles prepared by [@b42-ajas-29-3-307],[@b43-ajas-29-3-307] included elements of microbial risk assessment and the information related to risk management for *L. monocytogenes* in soft cheese and low moisture cheese. This work examined both risk assessment outcomes and action, in addition to providing a ranking of food safety issues. [@b42-ajas-29-3-307] suggested that additional risk management measures are unnecessary for low moisture cheeses (\<50% of moisture content) such as semi-soft cheese (39% to 50% moisture; Stilton, Roquefort, Gorgonzola, Limburger, Gouda, Edam, etc.), hard cheese (less than 39% moisture; Cheddar, Emmental, Gruyere, etc), and very hard cheese (less than 34% moisture content; Asiago old, Parmesan, Romano, Grana, etc) because of the low risks associated with *L. monocytogenes* exposure in the general population. A study by [@b43-ajas-29-3-307] presented that there is no evidence to link soft cheese consumption with cases of *L. monocytogenes* foodborne illness in New Zealand, and contamination rates of the pathogen were also very low in domestically produced soft cheese, but they suggested that the contamination with *L. monocytogenes* may occur in soft-ripened cheese after postharvest, especially during handling in ripening rooms, wrapping packing stage, and cutting stage. In addition, surface ripened cheese may be at risk because of increased pH during ripening. The [@b23-ajas-29-3-307] completed a *L. monocytogenes* microbial risk assessment on soft-ripened cheese from pasteurized milk and raw milk in the USA and Canada. In this research report, quantitative models were used to predict the risk of *L. monocytogenes* in cheese, and to calculate the probability of invasive listeriosis per serving in soft-ripened cheese (Camembert-like cheese) that was produced using raw milk vs pasteurized milk. This report showed that the risk from raw milk cheese was higher than that of pasteurized milk cheese reflecting the higher contamination rate of raw milk. According to a report by [@b10-ajas-29-3-307] soft cheese made with unpasteurized milk was estimated to be 50 to 160 times more likely to have *L. monocytogenes* infection than those made with pasteurized milk. However, only Camembert-like cheese was used for a quantitative risk assessment potentially limiting the scope of the model because other cheese may have different properties that affect *L. monocytogenes* growth. The risk of listeriosis from the cheese were 1.4×10^−10^, 7.2×10^−9^, 1.8×10^−8^, and 6.1×10^−9^ for non-susceptible individuals (general), the elderly, pregnant women, and immunocompromised patients in Canada, respectively, and 1.2×10^−10^, 7.3×10^−9^, 1.8×10^−8^, and 5.2×10^−9^ for identical groups in the USA, respectively. In addition, the risk of Camembert-like cheese made by raw milk was calculated for non-susceptible (9.5×10^−9^ and 1.8×10^−8^), elderly (3.8×10^−7^ and 8.2×10^−7^), pregnant women (9.2×10^−7^ and 1.8×10^−6^), and immunocompromised (4.2×10^−7^ and 8.1×10^−7^) individuals in the Canada and the USA, respectively. These results indicate that pregnant women, elderly individuals, and immunocompromised patients had a higher risk for listeriosis from Camembert-like cheese consumption ([@b8-ajas-29-3-307]). In terms of relative risk, pregnant women are about 10 times more likely than the general population to get *L. monocytogenes* infection while the elderly (65 years and older) are about four times more likely than the general population to get *L. monocytogenes* infection ([@b9-ajas-29-3-307]). Therefore, the [@b10-ajas-29-3-307] categorized soft cheese made from raw milk such as Queso fresco, blue-veined, Feta, Brie, and Camembert cheeses into a higher risk group, but soft cheese made from pasteurized milk such as processed, cream and Mozzarella cheese, and hard cheese were categorized into the lower risk group. These microbial risk assessment studies indicate that raw milk soft cheese has higher risk than low moisture cheese for *L. monocytogenes* infection, especially for the elderly, pregnant women, and immunocompromised patients. Even though milk is pasteurized, soft cheese could be contaminated with *L. monocytogenes* due to postharvest contamination. In addition, the risk of selected hazards such as *C. jejuni*, *E. coli*, *Salmonella* spp., *S. aureus*, and *L. monocytogenes* of raw milk cheese was analyzed according to different types categorized into 'extra hard', 'Swiss', 'Cheddar', 'Blue', 'Feta', and 'Camembert'. Extra hard cheeses including Parmigiano Reggiano, Grana Padano, Sbrinz etc. have low moisture content (\<36%), and the risk represented a low to negligible. Swiss cheeses including Gruyere, Emmentaler, Appenzeller, Tilsiter, Tete de de Moine, and Vacherin Fribougeois had low to negligible risk but *L. monocytogenes* represented high risk to susceptible population. Cheddar cheese (moisture: 37% to 42%) had high risk of *E. coli* to general and susceptible population because *E. coli* could survive during cheese making process and maturation, and other pathogens represented low to moderate in case of cheese made from sheep milk. Blue cheese ripened with mold had low risk of *L. monocytogenes* to general population and high risk to susceptible population because *L. monocytogenes* could increase in cheese making process. In cheese making process of Feta, *E. coli* might not decrease, which resulted in high risk of *E. coli* and also high risk of *L. monocytogenes* to susceptible population. Camembert (moisture: \>55%) cheese showed high risk of *E. coli* to both general and susceptible population and the risks of *L. monocytogenes* were low to general and high to susceptible population, respectively, due to increasing bacterial counts in cheese making process and maturation ([@b26-ajas-29-3-307]).

[@b65-ajas-29-3-307] conducted a quantitative risk assessment for *L. monocytogenes* based on data collected in 2000 to 2001 on Camembert and Brie cheeses (soft cheese) in France. For risk calculation, the behaviour of *L. monocytogenes* was predicted by mathematical and probabilistic models using a sequential scenario: cheese manufacturing, followed by distribution and storage. In addition, time series for temperature, consumption and dose-response were also used as part of the calculation. The growth of *L. monocytogenes* was calculated with a modified logistic model ([@b61-ajas-29-3-307]). According to Monte Carlo simulations, 99% of iterations (total 10,000 iterations) resulted in less than 100 cells per serving (3.7 *L. monocytogenes* cells/g). Only 0.03% of Camembert and 0.22% of Brie cheeses had more than 100 *L. monocytogenes* cells/g, an acceptable level in several EU countries. Only 0.002% of Camembert and 0.05% of Brie cheese had more than 1,000 *L. monocytogenes* cells/g. In addition, the calculated number of cases of severe listeriosis was 3.46×10^−3^ and 5.11×10^−4^ per 100 million servings of 27-g Brie and Camembert cheese, respectively. This model thus estimated the number of severe listeriosis cases per year at ≤10^−3^ and ≤2.5×10^−3^, given 17 million Brie and 480 million Camembert servings consumed per year. These results indicate that Brie cheese may have higher risk than that of Camembert cheese for *L. monocytogenes* infections. Although Brie and Camembert cheeses are almost identical for fermentation processing, the probability of severe listeriosis was higher in Brie cheese than in Camembert cheese. This may be caused by a higher prevalence of *L. monocytogenes* in Brie cheese than in Camembert cheese. Hence, it can be suggested that prevalence of foodborne pathogen in cheese significantly influence microbial risk.

STEC strains such as *E. coli* O157:H7, O26:H11, O111:H8, and O145:H28 are able to survive and grow during cheese processing, especially in soft cheese. [@b57-ajas-29-3-307] developed a quantitative risk assessment for STEC strains that cause haemolytic uremic syndrome. This research utilized a stochastic model to determine the effect of preharvest and postharvest interventions on the risk of raw milk soft cheese consumption in France. Predicted average percentages of contaminated cheese at baseline were 16.31% and 1.75% for total STEC and five main pathogenic serotypes of STEC (MPS-STEC; O157:H7, O26:H11, O103:H2, O111:H8, and O145:H28), respectively. The levels of contamination of servings were 0.12 CFU/g for STEC and 0.21 CFU/g for MPS-STEC. In addition to this baseline simulation, [@b57-ajas-29-3-307] simulated preharvest prevention and postharvest prevention, and the risk reduction varied from 1% to 96% with the combination of preventions. Thus, preharvest and postharvest treatments need to be applied to reduce the microbial risk.

[@b46-ajas-29-3-307] carried out quantitative microbial risk assessment for unripened cheese from raw milk to estimate the risk of *S. aureus* outbreaks at this time of consumption. This research showed that based on the mean or median value of parameters, the estimated levels of *S. aureus* were under the threshold in unripened cheese, whereas they were above the threshold in the worst-case scenario simulation. For risk characterization, a dose-response model for *S. aureus* enterotoxin was not considered in this study because the dose-response model does not exist. Hence, the threshold (6 Log CFU/g) for staphylococcal enterotoxin production was used instead of using a dose-response model for enterotoxin. This method could be considered an appropriate alternative for *S. aureus* risk assessment ([@b24-ajas-29-3-307]). In addition, this risk assessment suggested that starter cultures in the cheese making process possibly affect the microbial risk.

In conclusion, although cheese is considered microbiologically safe, cheese-borne outbreaks have still occurred, especially in soft cheese. Predictive models have been used to determine the factors related to bacterial growth such as pH and Aw, and the results from predictive models are used in microbial risk assessment in many countries to uncover cheese that might pose risks to consumers. The microbial risk assessment then showed that microbial risk increased in cheese with high moisture content, especially for raw milk cheese. However, applications of preharvest and postharvest preventions can reduce the microbial risk. Even though microbial risk assessments were conducted for cheese, in some studies limited data were used for predictive models, temperature profile for distribution and consumption patterns as well as dose-response model, especially for susceptible group such as elderly, pregnant women, and immunocompromised individuals. Therefore, more predictive models in cheese-related conditions, dose-response models need to be developed in conjunction with greater collection of consumption data to improve the performance of cheese microbial risk assessment. In addition, the results from microbial risk assessment should be further used for appropriate level of protection and food safety objective, which are for applications on microbial criteria.
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